Introduction
============

Assessment of small intestinal (dys)function is cumbersome and difficult to quantify.[@b1-ceg-10-075] In the last decades, citrulline has been proposed to assess the intestinal function by single measurement of a fasting concentration.[@b2-ceg-10-075] Citrulline, which is a non-protein amino acid (not incorporated into proteins), is produced by small intestine from its precursor glutamine and is subsequently released into the systemic circulation, without appreciable metabolization by the liver.[@b3-ceg-10-075]--[@b5-ceg-10-075] Citrulline is subsequently converted into arginine by kidney. Since the small bowel is by far the largest source of circulating citrulline, this amino acid is thought to be a suitable biomarker of enterocyte function.[@b6-ceg-10-075] Recently, this mechanism has been questioned based on tracer studies in which the carbon skeleton of glutamine and not the amino nitrogen was followed.[@b7-ceg-10-075],[@b8-ceg-10-075] It has been proposed that citrulline might be generated by various pathways; however, an overdose of glutamine initiates a maximal generation of citrulline in a skewed bell-shaped curve. The clinical value of single fasting citrulline concentration measurement has been debated.[@b9-ceg-10-075] Therefore, an enterocyte function test called the citrulline generation test (CGT) has been proposed several years ago.[@b10-ceg-10-075] This test reflects the aforementioned physiologic pathway in which glutamine is converted into citrulline by the competent enterocyte ([Figure 1](#f1-ceg-10-075){ref-type="fig"}). CGT implies the oral administration of a standardized amount of glutamine and subsequently the measurement of the increase in plasma citrulline which is generated by the enterocytes, enabling differentiation between healthy subjects and patients with reduced enterocyte mass.[@b10-ceg-10-075]

When oral administration of glutamine is precluded, for example, due to gastrointestinal motility disturbances, CGT cannot be performed. This may hamper the application of this oral test in majority of patients in an intensive care unit (ICU). Nevertheless, in ICU patients, adequate function of the gastrointestinal tract has been suggested to be of significant clinical relevance, especially with regard to nutritional support.[@b11-ceg-10-075] In addition, the risk of systemic inflammation or sepsis may increase upon loss of the intestinal barrier function, which critically depends on an intact intestinal layer with functional enterocytes.[@b12-ceg-10-075] However, no practical bedside tests are available to reliably measure small intestinal function in critically ill patients. Intestinal malabsorption in critically ill patients, which is more common than previously thought,[@b13-ceg-10-075] is associated with worse clinical outcome.[@b14-ceg-10-075]--[@b16-ceg-10-075] Therefore, practically applicable enterocyte function tests are warranted.

The primary aim of this study was to assess feasibility and reference CGT values in "stable" ICU patients. The secondary aim was to determine the differences in CGT characteristics between enteral and intravenous administration of glutamine, necessary in case of gastrointestinal motility disturbances, and to determine the differences in plasma citrulline concentrations in venous and arterial sampling. Finally, this study suggests to reduce the standard "6-point sampling" CGT to a simplified "2-point sampling" CGT in order to make it a more practical bedside test for future purpose.

Materials and methods
=====================

Patients
--------

In this observational cross-sectional study, a series of 16 "stable" ICU patients were included in a mixed medico-surgical ICU. Clinical characteristics of all the patients are summarized in [Table 1](#t1-ceg-10-075){ref-type="table"}. The definition of a "stable" ICU patient and the inclusion and exclusion criteria are summarized in [Table 2](#t2-ceg-10-075){ref-type="table"}. The ethics committee of the VU University Medical Center (Amsterdam, the Netherlands) approved the study protocol, and verbal informed consent was obtained from all the patients or their next of kin or other legal representative prior to inclusion.

Routine ICU data such as actual diagnosis, medical history, sex, age, body mass index, acute physiology and chronic health evaluation II (APACHE) and Sequential Organ Failure Assessment (SOFA) score, length of ICU stay, length of mechanical ventilation, medication record, route of enteral nutrition (nasogastric or nasojejunal), and daily and cumulative caloric intake provided by tube feeding were collected.

The CGT
-------

Each ICU patient was submitted to one of the two different CGTs in a randomized fashion by using either enteral glutamine or intravenous glutamine, performed on separate days, after an overnight fast of at least 8 h. During both the tests, simultaneous arterial and venous blood sampling was performed from either an indwelling arterial (radial) line or centra venous (subclavian or jugular) line. This led to CGT combinations: 1A: CGT following enteral glutamine administration, with arterial blood sampling.1B: CGT following enteral glutamine administration, with venous blood sampling.2A: CGT following intravenous glutamine administration, with arterial blood sampling.2B: CGT following intravenous glutamine administration, with venous blood sampling

Baseline amino acid profiles and subsequent changes during the CGT were measured in blood samples obtained from indwelling arterial line or central venous lines. The central venous catheter was kept open in between blood collections by infusion of NaCl 0.9%. The first 2 mL of blood was excluded from sampling analysis to prevent dilution with NaCl 0.9%.

CGT with enteral administered glutamine
---------------------------------------

At baseline, 100 mL of Dipeptiven^®^ (Fresenius Kabi, Bad Homburg, Germany) containing 20 g of the dipeptide alanine-glutamine (ie, 13.46 g of l-glutamine) was given by nasogastric or nasojejunal feeding tube. Subsequently, the tube was flushed with 10 mL of NaCl 0.9%. Blood samples for amino acid analysis were obtained at baseline, 20, 40, 60, 75, 90, 120, 150, and 180 min.

CGT with intravenously administered glutamine
---------------------------------------------

At baseline, 300 mL of distilled water was added to 100 mL of Dipeptiven^®^, to reduce osmolarity of the solution, and was subsequently administered intravenously over a period of 30 min. Blood samples for amino acid analysis were obtained at baseline, 20, 40, 60, 75, 90, 120, 150, and 180 min.

Assessment of plasma amino acid concentrations
----------------------------------------------

Venous and arterial blood samples taken during the CGT were collected in heparin tubes and directly placed on ice. After centrifugation (10 min at 3000 rpm and 18ºC), 500 µL of plasma was poured in to a cryovial containing 20 mg of dry sulfosalicylic acid for de-proteinizing. Then, the cryovial was vortexed and stored at −80°C until analysis. The concentrations of citrulline, glutamine, alanine, and arginine were determined using reverse-phase high-performance liquid chromatography as previously described by Teerlink et al.[@b17-ceg-10-075]

CGT variables "slope" and "iAUCT90"
-----------------------------------

As documented earlier in the proof of principle study on CGT,[@b8-ceg-10-075] the slope of the line between the baseline plasma citrulline concentration and peak plasma citrulline level during the CGT was calculated, reflecting the ability of citrulline generation from administered glutamine by the enterocytes. Then, the incremental area under the CGT curve was measured from 0 to 90 min (iAUCT90; incremental area under the plasma citrulline concentration vs time curve).[@b10-ceg-10-075]

Statistical analysis
--------------------

Data are expressed as mean ± standard deviation (SD). Two-way analysis of variance (ANOVA) was performed while comparing slope and iAUCT90 between various CGT combinations. When a statistically significant difference among groups was encountered by using ANOVA, a Tukey's multiple comparison test was performed. Statistical significance was accepted at *p*\<0.05. Variance analysis between various CGTs was performed using Bartlett's test. To compare the differences between arterial or venous blood sampling during CGT and enteral or intravenous glutamine administration, a 2-sided paired *t*-test was performed. Association tests were performed by means of Pearson's correlation test. GraphPad Prism 4.0c (GraphPad Software, Inc., La Jolla, CA, USA) for Macintosh and EXCEL were used to perform statistical analysis and to design the figures shown in this study.

Results
=======

CGT characteristics in the 16 stable ICU patients were obtained according to protocol. [Figure 2](#f2-ceg-10-075){ref-type="fig"} depicts the mean plasma citrulline changes during various CGT methods. [Figure 3](#f3-ceg-10-075){ref-type="fig"} shows the CGT iAUCT90 for every individual patient for all CGT variants.

CGT using intravenous versus enteral glutamine administration
-------------------------------------------------------------

There was no statistically significant difference in mean baseline plasma citrulline concentration and maximum plasma citrulline concentration after either intravenous or enteral glutamine administration (see [Table 3](#t3-ceg-10-075){ref-type="table"}). Mean time to peak citrulline during the CGT was comparable when glutamine was given intravenously or enterally, being 72 ± 24 and 94 ± 37 min with arterial blood sampling, respectively (*p*=0.07) and 82 ± 20 and 99 ± 39 min with venous blood sampling, respectively (*p*=0.21).

There was no statistically significant difference in mean slope for plasma citrulline following intravenous or enteral glutamine administration (for both arterial and venous blood sampling). There was a statistical consistent trend for an increased mean CGT iAUCT90 following intravenous glutamine with arterial blood sampling, being 982±283 and 772±585 µmol/L/min for intravenous and enteral glutamine, respectively (*p*=0.09). The same applied to the mean CGT iAUCT90 using venous blood sampling, being 784±231 and 578±418 µmol/L/min for intravenous and enteral glutamine, respectively (*p*=0.07).

CGT using arterial versus venous blood sampling
-----------------------------------------------

There were no differences in baseline plasma citrulline concentration, maximum plasma citrulline concentration, and time to peak citrulline using either arterial or venous blood sampling ([Table 3](#t3-ceg-10-075){ref-type="table"}).

The mean slope for plasma citrulline during the CGT was steeper when blood was sampled arterially compared with venous sampling, being 0.24±0.16 and 0.18±0.12 µmol/L/min for enteral glutamine, respectively (*p*=0.004) and 0.28±0.16 and 0.19±0.05 µmol/L/min for intravenous glutamine, successively (*p*=0.02). The mean CGT iAUCT90 was also increased with arterial sampling compared to venous blood sampling, being 772±585 and 578±418 µmol/L/min for enteral glutamine, respectively (*p*=0.02), and 982±283 and 784±231 µmol/L/min for intravenous glutamine, successively (*p*=0.0004).

Variation between different CGT methods
---------------------------------------

The coefficient of variation for the iAUCT90s in the four different CGTs as shown in [Figure 3](#f3-ceg-10-075){ref-type="fig"} was 76% for enteral administered glutamine combined with arterial citrulline sampling, 72% for enteral glutamine with venous citrulline sampling, 29% for intravenous glutamine with arterial citrulline measurement, and 30% for intravenous glutamine with venous citrulline measurement.

Reducing number of blood samples during CGT
-------------------------------------------

[Figure 4](#f4-ceg-10-075){ref-type="fig"} shows the correlation between the standard CGT iAUCT90 (using arterial blood sampling and intravenous glutamine administration) consisting of six blood samples (0, 20, 40, 60, 75, and 90 min) and a simplified 2-point variation in which the iAUC was calculated including only the first and last blood sample (0 and 90 min) used in the standard CGT (Pearson's *r*=0.4). Variation between individual values (as shown in [Figure 3](#f3-ceg-10-075){ref-type="fig"}) was 35% for the 2-point CGT iAUCT90 compared with 29% for the standard 6-point CGT iAUCT90.

Discussion
==========

This study was performed to explore the variations of a previously proposed oral enterocyte function test, CGT, in order to determine the reference values of enterally or intravenously applied glutamine and to compare different CGT methods. It was found that the "standard" CGT using enteral glutamine seemed to be suboptimal in a population of stable but by nature complex ICU patients. When the citrulline precursor glutamine was provided through the enteral route, large variation in CGT parameters, for example, the CGT slope and iAUCT90, was observed. The variation in citrulline CGT slope and iAUCT90 greatly diminished when glutamine was intravenously given in the same patients. It was assumed that decreased gastrointestinal motility (ie, a prolonged gastrointestinal transit time, which is a common finding in ICU patients) was the main determinant of the variation in CGT outcomes in ICU patients receiving enteral glutamine, more than differences in enterocyte mass.

Of additional interest was that variation in CGT outcome between enteral and intravenous glutamine could not be explained by nasogastric or nasojejunal feeding route (data not shown). Rauch et al also observed a high variation in gastrointestinal transit time using video capsule endoscopy in 16 neurosurgical critically ill patients without prior documented intestinal impairment.[@b18-ceg-10-075] Also, one could theorize that glutamine given intravenously may reach more of the small intestine compared with glutamine administered enterally, which may only reflect proximal small intestinal citrulline production.

Arterial blood sampling resulted in statistically significantly higher citrulline concentrations compared with venous blood sampling, irrespective of the route of glutamine administration (intravenous or enteral). In a human tracer study, the net hepatic flux of citrulline was negligible.[@b19-ceg-10-075] Hence, the higher arterial citrulline levels during the CGT compared with the concomitant venous sampling could not be explained by hepatic interference with citrulline metabolism.

The CGT has originally been developed for the assessment of intestinal function in healthy individuals without gastrointestinal disorders after oral administration of a fixed dose of glutamine.[@b10-ceg-10-075] Current results in stable ICU patients were essentially similar to those observed in healthy controls (these comprised as reference value; a baseline plasma citrulline concentration of 38±8 µmol/L); a peak value of 55±10 µmol/L; a calculated slope of 0.22±0.08, µmol/L/min; a time to peak of 77±16 min; an increment of 44±13%, and, finally, an AUCT90 of 632±222 µmol/L). Together with the absence of signs of diarrhea, a previously shown biomarker of malabsorption,[@b10-ceg-10-075] it was presumed that the studied population of stable ICU patients have normal gastrointestinal function (as expected at forehand). The presented reference or normative values, based on mean data in the different test methodologies, may be applied in diseased conditions such as in short bowel syndrome, celiac disease or multi organ dysfunction syndrome (MODS) patients, the latter in which only parenteral administration of test substance is reproducibly feasible. Apart from the small intestine, kidney is also a determinant of plasma citrulline concentrations. The currently studied population all had normal renal function (data not shown). In stable isotope studies, it has been shown that renal conversion of plasma citrulline to arginine was 76±10% of plasma turnover of citrulline.[@b20-ceg-10-075],[@b21-ceg-10-075] In the present study, plasma arginine changes when different CGT methods were compared. Arterial plasma arginine levels were lower than the venous plasma arginine concentrations (data not shown). These kinetic findings combined may indicate that the arterial--venous plasma citrulline difference during the CGT originated from renal conversion of citrulline into arginine.

Finally, this study explored the option of reducing the frequency of blood sampling during the CGT from six to two blood samples. According to the current CGT protocol, six separate blood samples between 0 and 90 min were required.[@b10-ceg-10-075] Simplifying the sampling protocol without reducing the test accuracy was considered of practical importance to implement future bedside application of the CGT. Although the correlation between the standard 6-point CGT and the simplified 2-point CGT showed a relatively low correlation (*r*=0.4), this outcome was skewed by the three highest 6-point iAUCT90 values ([Figure 4](#f4-ceg-10-075){ref-type="fig"}). Excluding these three outliers increased the correlation (*r*=0.9, data not shown). In terms of variation for each individual iAUCT T90 value, the 2-point test performed similarly (35%) compared with the 6-point test (29%). This study suggests that the 2-point test may be applicable in clinical setting; however, future studies to corroborate the clinical applicability and value of a 2-point CGT seem warranted.

Limitation of this study was the relatively heterogeneous ICU population, however without clinical signs of malabsorption.[@b22-ceg-10-075] In addition, CGT outcomes were not correlated with any clinical and outcome parameters. The relationship between the CGT and other tests for intestinal function was not studied, as no gold standard test to assess the intestinal function in general or in critically ill patients exists.

In conclusion, CGT reference values (intravenous) in stable ICU patients with clinically normal liver, kidney, and (metabolic) intestinal function were determined. Of the different CGT methods tested, intravenous glutamine administration combined with arterial plasma citrulline sampling yielded the least variation in CGT characteristics. A proposal for a simplified 2-point CGT seemed comparable in relevant test characteristics and therefore clinically promising. The proposed intravenous CGT opens venues for further research on (ICU) patients with gastrointestinal motility disorders.
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![Physiologic pathway of glutamine into citrulline by the enterocyte.\
**Abbreviations:** P5C, pyrroline-5-carboxylate; OCT, ornithine carbamoyltransferase.](ceg-10-075Fig1){#f1-ceg-10-075}

![Mean plasma citrulline changes of various citrulline generation test methods (enteral--intravenous, arterial--venous) in 16 stable intensive care unit patients.\
**Abbreviations:** Cit, citrulline; art, arterial; IV, intravenous; Glu, glutamine; ent, enteral; ven, venous.](ceg-10-075Fig2){#f2-ceg-10-075}

![Incremental area under the curve after 90 min (iAUCT90) of various CGT methods (enteral--intravenous, arterial--venous) in 16 stable intensive care unit patients. Dots represent individual values versus box and whisker plot.\
**Abbreviations:** CGT, citrulline generation test; Cit, citrulline; IV, intravenous; Glu, glutamine.](ceg-10-075Fig3){#f3-ceg-10-075}

![Correlation between the standard incremental area under curve after 90 min (iAUCT90; intravenous glutamine administration and arterial sampling) of citrulline generation test (CGT) and the simplified 2-point CGT in 16 stable intensive care unit patients.](ceg-10-075Fig4){#f4-ceg-10-075}

###### 

Basic characteristics of ICU patients included in this study

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Patient     Age (years)   Sex    BMI (kg/m^2^)   Daily intake (kcal)[a](#tfn1-ceg-10-075){ref-type="table-fn"}   Diagnosis                     APACHE II score[b](#tfn2-ceg-10-075){ref-type="table-fn"}   SOFA score[c](#tfn3-ceg-10-075){ref-type="table-fn"}   Survival[d](#tfn4-ceg-10-075){ref-type="table-fn"}
  ----------- ------------- ------ --------------- --------------------------------------------------------------- ----------------------------- ----------------------------------------------------------- ------------------------------------------------------ ----------------------------------------------------
  1           67            F      34.4            1943                                                            Type A aortic dissection      26                                                          4                                                      Alive

  2           64            M      15.9            975                                                             ARF, pneumonia                27                                                          6                                                      Alive

  3           64            M      31.1            1728                                                            Post-CABG                     21                                                          3                                                      Alive

  4           63            F      44.1            3209                                                            Multiple myeloma              16                                                          3                                                      Alive

  5           52            F      23.4            1401                                                            ARF, COPD                     19                                                          2                                                      Died

  6           62            F      23.1            1317                                                            Post-CABG                     28                                                          4                                                      Alive

  7           53            M      16.4            1203                                                            ARF, pneumonia                27                                                          5                                                      Alive

  8           50            M      34.0            1784                                                            OHCA                          19                                                          5                                                      Died

  9           73            F      31.1            1709                                                            OHCA                          39                                                          4                                                      Alive

  10          54            F      26.3            1499                                                            Intracranial bleeding         25                                                          6                                                      Alive

  11          71            F      27.3            1554                                                            Type A aortic dissection      26                                                          3                                                      Alive

  12          59            M      23.3            1970                                                            ARF, pneumonia                25                                                          2                                                      Alive

  13          41            F      26.0            1750                                                            Type A aortic dissection      24                                                          4                                                      Alive

  14          68            M      23.5            1712                                                            ARF, pulmonary embolism       24                                                          1                                                      Alive

  15          54            F      22.9            1803                                                            ARF, intoxication sedatives   19                                                          3                                                      Alive

  16          79            M      23.9            1047                                                            ARF, pneumonia                24                                                          4                                                      Alive

  Mean ± SD   60.9±9.8      9 F\   26.7±7.0        1663±510                                                                                      24.3±5.3                                                    3.7±1.4                                                2 Died\
                            7 M                                                                                                                                                                                                                                     14 Alive
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:**

Mean caloric intake in kcal 24 h prior to the first CGT (corrected for 8 h fasting period);

score indicating first 24 h after admission, not during CGT;

SOFA score at day of first CGT;

30 days mortality.

**Abbreviations:** ICU, intensive care unit; BMI, body mass index; CGT, citrulline generation test; F, female; M, male; ARF, acute respiratory failure; CABG, coronary artery bypass grafting; OHCA, out of hospital cardiac arrest; APACHE, acute physiology and chronic health evaluation; SOFA, Sequential Organ Failure Assessment.

###### 

Inclusion and exclusion criteria for CGT study in ICU patients

  **Inclusion criteria**
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  • Age between 18 and 80 years
  • Verbal informed consent
  • Fecal output \<250 mL per day
  Definition of a "stable" ICU patient
  1\. Any ICU patient admitted for mechanical ventilation, with stable hemodynamics as judged by the intensivist and an expected ICU stay of \>72 h
  2\. Ability to tolerate enteral nutrition, provided by either nasogastric or nasojejunal feeding tube, meeting full protein energy requirements based on indirect calorimetric measurements and further individualized according to an automated nutritional program[@b23-ceg-10-075]
  **Exclusion criteria**
  • Documented causes of small bowel malabsorption possibly interfering with intestinal absorptive function, eg, coeliac disease, Crohn's disease of the small bowel, exocrine pancreatic insufficiency, radiation enteritis, or short bowel syndrome
  • Small intestinal resections and/or extensive colonic resection (\>2/3)
  • Liver cirrhosis Child--Pugh B or C, acute liver failure or renal failure requiring artificial support (eg, CVVH)
  • Urea cycle defects/citrullinemia
  • Exogenous steroids in excess of 10 mg prednisolone equivalent (leading to P5C synthase induction leading to increased production of citrulline from glutamine in the enterocytes)
  • Pregnancy (no long-term data are available on the effects of Dipeptiven^®^ during pregnancy or lactation)
  • Use of (par)enteral glutamine/citrulline supplements

**Abbreviations:** CGT, citrulline generation test; ICU, intensive care unit; CVVH, continuous veno-venous hemofiltration; P5C, pyrroline-5-carboxylate.

###### 

CGT reference values (mean ± SD) based on different methodologies in stable ICU patients (n=16)

  Citrulline sampling                                              CGT 1 enteral glutamine                                CGT 2 IV glutamine                                                                                            
  ---------------------------------------------------------------- ------------------------------------------------------ ------------------------------------------------------ ------------------------------------------------------ ------------------------------------------------------
  Baseline citrulline (µmol/L)                                     29±7                                                   31±8                                                   29±9                                                   31±9
  Peak citrulline (µmol/L)                                         45±14                                                  51±16                                                  42±12                                                  48±14
  Time to peak (min)                                               99±39                                                  94±37                                                  82±20                                                  72±24
  Slope[a](#tfn7-ceg-10-075){ref-type="table-fn"}                  0.18±0.12[\*](#tfn9-ceg-10-075){ref-type="table-fn"}   0.24±0.16[\*](#tfn9-ceg-10-075){ref-type="table-fn"}   0.19±0.05[\*](#tfn9-ceg-10-075){ref-type="table-fn"}   0.28±0.16[\*](#tfn9-ceg-10-075){ref-type="table-fn"}
  iAUCT90 (µmol/L/min)[b](#tfn8-ceg-10-075){ref-type="table-fn"}   578±418[\*](#tfn9-ceg-10-075){ref-type="table-fn"}     772±585[\*](#tfn9-ceg-10-075){ref-type="table-fn"}     784±231[\*](#tfn9-ceg-10-075){ref-type="table-fn"}     982±283[\*](#tfn9-ceg-10-075){ref-type="table-fn"}

**Notes:**

Slope from baseline to peak plasma citrulline concentration during CGT.

Incremental area under the CGT curve between 0 and 90 min.

*p*\<0.05 (arterial vs venous within either CGT 1 or 2).

**Abbreviations:** CGT, citrulline generation test; SD, standard deviation; ICU, intensive care unit; IV, intravenous; iAUCT90, incremental area under curve after 90 min.
